ABSTRACT: Using a precise method of least-squares nonlinear electron paramagnetic resonance (EPR) line fitting, we have obtained experimental evidence of a decoupling of the rotational motion of four nitroxide spin probes from the viscosity of bulk water at 277 K. This decoupling is about 50 K higher than another such phenomenon observed in interstitial supercooled water of polycrystalline ice by Banerjee et al. (Proc. Natl. Acad. Sci. U.S. A. 2009, 106, 11448−11453). Above 277 K, the activation energies of the rotation of the probes and the water viscosity are very close, while in the supercooled region, the activation energies of the probes' rotation are greater than that of the viscosity of water. The rotational correlation times of the probes can be fit well to a power law functionality with a singular temperature. The temperature dependence of the hydrodynamic radii of the probes indicates two distinct dynamical regions that cross at 277 K. SECTION: Liquids; Chemical and Dynamical Processes in Solution T he importance and value of water are self-evident. Although water is an inorganic substance, it is at the same time "the most important organic molecule"; life as we know it is very likely impossible without water.
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ABSTRACT: Using a precise method of least-squares nonlinear electron paramagnetic resonance (EPR) line fitting, we have obtained experimental evidence of a decoupling of the rotational motion of four nitroxide spin probes from the viscosity of bulk water at 277 K. This decoupling is about 50 K higher than another such phenomenon observed in interstitial supercooled water of polycrystalline ice by Banerjee et al. (Proc. Natl. Acad. Sci. U.S.A. 2009, 106, 11448−11453). Above 277 K, the activation energies of the rotation of the probes and the water viscosity are very close, while in the supercooled region, the activation energies of the probes' rotation are greater than that of the viscosity of water. The rotational correlation times of the probes can be fit well to a power law functionality with a singular temperature. The temperature dependence of the hydrodynamic radii of the probes indicates two distinct dynamical regions that cross at 277 K. SECTION: Liquids; Chemical and Dynamical Processes in Solution T he importance and value of water are self-evident. Although water is an inorganic substance, it is at the same time "the most important organic molecule"; life as we know it is very likely impossible without water. 1 Water has amazing and unusual properties, 2−8 which makes it probably the most studied but still not completely understood substance. 8 Many fascinating phenomena in water occur when it is still in the liquid state below its melting point, in its supercooled state. 6 For example, the temperature behavior of the density, isothermal compressibility, thermal expansion coefficient, and isobaric heat capacity of supercooled water differ greatly from those of any simple liquid.
Recently, Banerjee et al. 9 have used electron paramagnetic resonance (EPR) spectroscopy to study the rotation of the small polar spin probe 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL) in deeply supercooled water, from 90 to 300 K. The rotation of TEMPOL revealed the coexistence of two liquid phases in that range, the Debye−Stokes−Einstein breakdown and the decoupling of the rotation of TEMPOL from the viscosity at 225 K. The EPR spectra of TEMPOL in rapid-quench-formed amorphous water taken by Bhat et al. 10 indicate that supercooled water coexists with crystalline (cubic) ice in the temperature range of 140−210 K, that is, in the socalled "no man's land (NML)". The glass transition temperature of water at ∼135 K was observed as a sharp reduction in the separation of the two outermost components of the EPR spectrum of TEMPOL (Figure 2 of ref 10 ). Banerjee et al. have also studied the dynamics of TEMPOL in strongly confined supercooled water. 11 The anomalous behavior of the rotation of the spin probe di-tert-butyl nitroxide (DTBN) in supercooled water was observed 12 and attributed to the local fluctuating structures, which were very likely connected to the water hydrogen bond network dynamics. Another study of the rotational motion of DTBN in EPR revealed that the EPR line widths of the probe increase rapidly with decreasing temperature below 0°C due to the rapid increase of the viscosity of supercooled water. 13 The crystallization temperature of water can be lowered by subdividing the sample into small droplets; 6 therefore, quite often, water is encapsulated in small geometric confinements to study its properties in NML. 14 The spin probe EPR technique has been used to study supercooled water confined in a polyuria microcapsule 15 and a silica gel with high hydration level. 16 The current work aims to carry out careful and precise EPR measurements of the rotational motion of four small nitroxide spin probes in bulk water in the temperature range of 253−363 K. Using a precise method of least-squares nonlinear EPR line fitting, we seek to learn if there is any difference in the rotational diffusion of the probes in the supercooled and normal regions.
The nitroxides used in this work were perdeuterated 2,2,6,6-tetramethylpiperidine-1-oxyl (pDT or pD-TEMPO), perdeuterated 4-oxo-2,2,6,6-tetramethylpiperidine-1-oxyl (pDTO or pD-TEMPONE), perdeuterated 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (pDTOH or pD-TEMPOL), and DTBN (Scheme 1); we will be using the shorter acronyms. pDT, pDTO, and pDTOH are nearly spherical molecules, whose van der Waals volumes are 170. 4 The concentrations of pDT (lot# C119P1), pDTO (lot# P607P2), and pDTOH (lot# P339P4), all from C/D/N isotopes, and DTBN (lot# 04911LO, Aldrich) in distilled water were about 100 μM. Note that this concentration is about 50 times lower than the concentration of TEMPOL in refs 9 and 10. This low concentration is necessary to avoid EPR line broadening and dispersion in the EPR spectrum due to Heisenberg spin exchange collisions and dipole−dipole interactions. 23 For the EPR measurements above 277 K, the solutions were housed in 50 μL capillaries (radius ≈ 450 μm), while below 277 K, 5 μL capillaries (radius ≈ 150 μm) were used. EPR measurements were carried out with a Bruker ESR 300E spectrometer equipped with a Bruker variable-temperature unit. The sample temperature was measured with a thermocouple whose tip was positioned at the top of the EPR cavity and was held stable within ±0.2 K. Samples were measured in a temperature range from 253 to 353 K in increments of 2 K below 283 K and in increments of 10 K above 283 K. At several temperatures between 261 and 303 K, both 5 and 50 μL samples of each probe were measured in order to ensure that they give the same result within the experimental error. At each temperature, the samples were equilibrated for at least 5 min to ensure uniform temperature throughout the sample. Five first-harmonic EPR spectra were acquired at each temperature, employing a sweep time of 84 s, microwave power of 5 mW, time constant of 20.5 ms, and modulation amplitudes of 0.2 G for pDTO and 0.285 G for the other probes. The acquired spectra were analyzed with the home-written computer program Lowfit, as detailed previously. 24, 25 Figure 1 shows a typical EPR spectrum of pDT at 293 K in the fast motional regime. The line shape of most nitroxide spin probes is inhomogeneous mostly due to unresolved proton/ deuteron hyperfine structure and field modulation. 26, 27 The inhomogeneously broadened EPR spin probe line can be described quite well by a Voigt line shape, 19 which is a Gaussian distribution of Lorentzian lines (see the Supporting Information). The Voigt line shape can closely be approximated by the sum of a Gaussian and Lorentzian. 19, 28 This fact enables one to extract the Lorentzian line widths from the inhomogeneously broadened EPR lines using least-squares nonlinear EPR line fitting. 25,28−30 As can be seen in Figure 1 , the fit of the experimental spectrum to the sum of a Gaussian and a Lorentzian is indistinguishable from the spectrum, except for the 13 C lines in the wings due to the natural abundance of 13 C in the probes. The peak-to-peak Lorentzian line width of an individual hyperfine line ΔB m L is given by 31, 32 
where m is the mth component of the nitrogen nuclear spin. Term A contains contributions other than motional and is the Lorentzian line width of the central line. Terms B and C are affected by the rotational motion of the probe as follows
where ΔA = A zz − 1/2(A xx + A yy ), δA = 1/2(A xx − A yy ), and A xx , A yy , and A zz are the principal values of the hyperfine tensor. Similar expressions hold for the g tensor. ω N = 8.8 × 10 6 A N , where A N is the isotropic hyperfine splitting and ω e is the EPR spectrometer frequency. The g and A principal values that we used in our calculation are given in the Supporting Information. B and C values are found from the fits of the experimental data. Actually, instead of using the Lorentzian line widths to calculate the B and C values, we used the heights of the individual lines, which can be extracted from the spectrum with more precision. To account for the line shape effect on the relation between the line width and height, those values were then corrected according to the procedure described in ref 19 . The corrected B and C values were then used in eqs 2 and 3 to find the rotational correlation times τ B and τ C . Uncorrected B and C values lead to errors up to 60% in τ B and τ C. . 19 Our corrections reduce the errors to below 10%. Santangelo et al. 16 have shown that in the case of nearly spherical probes such as TEMPO in the fast motional regime (τ ≤ 1 ns), when the EPR line width is properly corrected for its Gaussian contribution, the line width method, eq 1, gives the rotational correlation time in very good agreement with that of a more rigorous simulation method, the EasySpin 33 function "chili", which is based on the stochastic Liouville equation. Figure 2 shows the mean rotational correlation time,
1/2 , of pDT, pDTO, pDTOH, and DTBN as a function of temperature. In the same figure, the rotational correlation time of water measured by NMR from 17 O, calculated using eq 2.4 from ref 34, is presented. Although the rotation of pDTOH is about an order of magnitude slower than the rotation of water molecules, their functional dependence is very similar. The same is true for the other probes when their rotational correlation times are scaled to τ R of water (see the Supporting Information). Due to the radii of the probes, about 3.5 Å, compared to that of a water molecule, 1.4 Å, 11 it is expected that the probes minimally modify their water environment. Each probe affects its surrounding slightly differently, which is reflected in the different values of τ R . It appears that these four spin probes report well on the changes of the rotational diffusion of water, Figure 2 . This implies that small, nearly spherical nitroxide probes are useful for studying supercooled water. The reason might be that the oxygen(s) of the nitroxides (Scheme 1) can contribute to hydrogen bonds with water. 35 The rotational motion of pDTOH is slower than that of the other probes. The most likely explanation for this is that because the OH moiety can also be involved in hydrogen bonding, pDTOH forms more hydrogen bonds than the other probes. The additional hydrogen bonds slow the rotation of pDTOH. 36, 37 Also, note that our values for pDTOH are of the same order of magnitude as the one presented at the same temperature in Figure 4 in ref 9 . The lines through the data are fits to the power law
where τ R0 and γ are constants and T 0 is a thermodynamic singular temperature. Speedy and Angell 38 showed that eq 4 with T 0 = 228 K fits very well a variety of physical quantities; the value of γ was different for different quantities. It was also argued that in the case of transport properties, there could be the possible universality of the exponent, γ ≅ 2.
14, 39 The fit of the rotational correlation times to eq 4 with γ = 2 gives T 0 = 228.1 ± 0.3 K (r, correlation factor = 0.999) for pDTOH, T 0 = 224.3 ± 0.4 K (r = 0.999) for pDTO, T 0 = 226.5 ± 0.3 K (r = 0.999) for pDT, and T 0 = 227.0 ± 0.4 K (r = 0.998) for DTBN ( Figure 2 ). Although all of these values are close to 228 K, we concur with Qvist et al., 34 who caution against interpreting these parameters within the framework of mode-coupling theory. These fits show for the first time that the rotational motion of a small nitroxide probe in water can be described as many other physical properties of water 38 using eq 4. If the τ R data and the viscosity of water η above and below 277 K are fit to the Arrhenius equation τ R0 exp(E A /RT) (Figure 3a and b) , it can be observed that the activation energies of τ R and η above 277 K are similar ( Table 1 ). The activation energy of τ R for pDTOH, 19.1 kJ/mol, is slightly greater than the activation energies for the other probes and the viscosity, which are about 16.0 kJ/mol. In other words, the rotations of pDT, pDTO, and DTBN are coupled to the viscosity. Interestingly, this activation energy is the same as the one measured for the inverse of selfdiffusion of supercooled water below 225 K, 16.5 kJ/mol, by Chen et al. 40 The greater activation energy of τ R for pDTOH is very likely caused by the larger number of hydrogen bonds with water molecules. Below 277 K, the data can be fitted much better by the super-Arrhenius equation τ R = τ R0 exp[A/(T − T C )], not shown here. In order to estimate the activation energies below 277 K, we fit the data to the Arrhenius equation. The activation energy of τ R for all of the probes is much greater than that of the viscosity ( Table 1 ). The greater activation energies could be explained by a contribution from thermally induced structural changes in the supercooled water. 34 These data seem to indicate a decoupling between the rotation of the probe molecules and the viscosity in bulk water at about 277 K.
The Stokes−Einstein−Debye (SED) equation is given by
where r is the hydrodynamic radius of the probe, which is usually different from the van der Waals radius r vdW . The ratio f = r/r vdW goes from 0 for the perfectly slip boundary condition (BC) to 1 for the stick BC (hydrodynamic behavior). Thus, the value of the hydrodynamic radius indicates the BC 41 of the probe, which can reflect collisional effects 42 and/or molecular inhomogeneity 43 in the microscopic boundary layer about the rotating probe. The departure from the SED behavior can be observed as a change in slope in a plot of τ R T/η versus T. Figure 4 shows such a plot for pDT, pDTO, pDTOH, and DTBN. In Figure 4 , we can clearly observe two distinct dynamical regions, one in the supercooled region and the other in the normal water region. For all of the probes, the temperature where the two regions cross can be estimated to be 277 ± 2 K, corresponding to the temperature where the rotational motion decouples from the viscosity. Again, pDTOH is slightly different from the other probes. In the normal region, the rotation of pDTOH follows the SED equation, while in the supercooled region, it does not. In the case of the other three probes, the rotation does not obey the SED equation in either region. In the supercooled temperature region, the slope of τ R T/η is negative, clearly shown by all probes, while in the normal water region, the slope is positive for pDT, pDTO, and DTBN and constant for pDTOH.
The rotational correlation time EPR measurements of pDT, pDTO, and DTBN in bulk water indicate that their rotational motion starts decoupling from the viscosity below 277 K. This conclusion has been possible due to a larger number of points in the measured temperature range of 255−353 K in this work compared with that in the previous studies 9, 12, 13 and by the use of probes producing narrow EPR lines. The power law increase in τ R suggests that the probe rotation occurs in molecular cages, that is, the probe is confined by the formation of a strong network of tetrahedrally coordinated water molecules. 6, 44, 45 Because each probe molecule rotates in an ordered cage of water molecules and the size of this cage increases below and above 277 K, the rotation of the probe should be facilitated. According to Figure 4b , the effective hydrodynamic radius of the probe, eq 5, increases below and above 277 K; this can be interpreted as a slowing of the probe's rotation, if we assume that the SED equation is valid and the hydrodynamic radius measured at 277 K remains constant. The density fluctuations of a fixed number of moles in a volume V of a liquid are given by 46, 47 
where k is the Boltzmann constant and κ is the isothermal compressibility. Assuming that V is a sphere of radius 15 Å around the probe and using the data for ρ and κ from ref 48 , we plot ⟨(δρ) 2 ⟩ 1/2 as a function of temperature in Figure 4b ; the scale is adjusted so that the solid line overlaps with the τ R T/η data for DTBN. As can be seen, the shapes of ⟨(δρ) 2 ⟩ 1/2 and τ R T/η are similar. Therefore, possible reasons for the change in the hydrodynamic radius in the supercooled region can be an increase in hydrogen bonding between water molecules and the probe 49 and the increase in density fluctuations with decreasing temperature. 6, 50 In the normal region, a likely reason for the increase in r could be the increase in density fluctuations with increasing temperature. 6, 50 From the BC perspective, we have to consider what happens in the boundary layer around the probe. Kobryn et al. 51 have performed the theoretical study and numerical calculation of the rotation of methanol in water as a function of density/pressure, and they have found that the orientational relaxation time of methanol anomalously increases with increasing number density fluctuations or decreasing density below 1 g/cm 3 . Note that the spin probes also form hydrogen bonds with water molecules as does methanol. Using the Kobryn et al. approach, we can propose a simple physical picture as follows: when the density fluctuations increase, the number of the collisions between the probe and water molecules in the boundary layer increases, which in turn could slow down the probe rotation due to an interplay between the collisional and dielectric frictions. The dielectric friction is produced by the inhomogeneity in the charge density of water, caused by the density fluctuation due to the hydrogen bond. 51 In other words, the BC becomes less slip; therefore, the hydrodynamic radius appears larger (Figure 4) .
The van der Waals radius is 3.43 Å for pDT, 3.48 Å for pDTO, 3.50 Å for pDTOH Å, and 3.44 Å for DTBN. Although its van der Waals radius is not any different, pDTOH behaves somewhat differently than the other probes; (i) τ R of pDTOH is about double that for the other probes, (ii) the activation energy of τ R is greater by about 3.0 kJ/mol in the normal region, and (iii) the hydrodynamic radius of pDTOH is greater at 277 K (2.6 Å compared to 2.2 Å (pDTO), 2.1 Å (pDT), and 2.0 Å (DTBN)), and it increases two times faster than those of the other probes in the supercooled region (Figure 4 ). These differences are due to the OH moiety, which is more effective in hydrogen bonding than the N−O. moiety.
